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OHANCaS  IN  OARPm)  OUTPUT  FOILOffINC  THE  ADMINISTRATION  OP 
SARIN  AND  aLHER  PHARMACQLO&IOAL  AGENTS 

PART  1 ,  THE  liSrERMINAIl'ION  OP  CARDLVC  OUTPUT  BY  MEANS  OP 
THE  LQ^I^PRSOIENOY  BAILISTOGARDIOGRAPH 


By 


R.J.  Shetlard 
SUMMAT^Y 


1,  Mathods  of  measuring  human  cardiao  output  involving  minimal  disocmfort 
to  the  subject  ore  reviewed,  and  it  ia  concluded  tt^t  the  ballistooardio- 
graph  (B.C.C.)  is  the  best  available  method  of  studying  cardiac  output  over 
long  periods* 

2,  The  phy'-ioal  theory  of  four  B,C,G,  Systems  is  discussed  in  teims  of 
Nevrton’s  lawo  of  motion.  Analysis  is  complicated  by  three-dimensional 
movement  of  blood,  extraneous  body  movements,  variations  in  body/table 
oo\q)ling,  in-phase  movements  of  chest  and  viscera,  and  superimposition  of 
successive  vmivss. 

3,  Reasons  are  given  for  selecting  the  Nickerson  low-frequency  critically 
damped  B.C.G,  to  measure  cardiac  output,  and  a  formula  for  calculating 
relative  stroke  volume  is  presented, 

4,  Modifications  of  the  Nickerson  B,C,G,  are  described  for  the  recording 
of  cardiac  output  in  man  and  the  dog.  and  the  correlation  between  B.C,G, 
and  other  methods  of  measuring  oardiavi  output  is  discussed, 

5,  It  is  concluded  that  the  B.C,G,  roq,aires  independent  verification, 
particularly  where  large  olangos  of  blood  pressure  occur.  Since  this  cannot 
conveniently  be  done  in  man,  it  is  suggested  that  the  B,C,G,  should  be 
calibrated  against  direct  flow  measurements  in  the  dog,  and  if  the  t’wo 
methods  agree  in  the  test  situation,  then  the  human  B,G,G,  data  may  bo 
accepted  with  fair  confidence. 


(Sgd.)  G,  Lovatt-Evans , 
Head,  Physiological  Section, 

RJS/MD 

(Sgd,)  Y4S.S,  Ladell, 
Assistant  Direotcr,  Medical. 
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CHANGES  IN  CARDIAC  CUTPUT  FOlLCF/lINa  THE  ADMINISTRATION  OF 
SAItIN  AMD  OTHER  HljaMiCOLOGICAL  y^GETOS 

PART  1 4  THE  IM;ERMmT.TON  OP  CARDIAC  OUTPHT  BY  MEANS  OP 
THE  LOff-FREQUENDY  BALLTSTOCARDIOGH/JH 

By 

R,J.  Shephard 


I,  IKPRODUOTION 

In  stuciying  tha  cardiovascular  effects  of  anticholinesterase  agents, 
as  in  mat^  problems  of  applied  physiology,  there  is  a  ixeed  for  a  simple 
yet  reliable  method  of  assessing  ocntinuously  any  changes  in  the  cardiac 
output  of  tha  conscious  human.  The  subjects  available  are  iypically 
untrained  in  plysiological  procedures,  and  are  only  available  for  a  few 
days.  Further,  as  volunteeis  v/ith  a  non-medical  background,  they  cannot 
be  subjected  to  manoeuvres  involving  more  than  a  minimum  of  disoccifcact, 
Mapy  methods  of  measuring  cardiac  oul^ut  have  been  suggested  in  the  past 
few  years,  but  most  fail  to  meet  the  requirements  of  this  situation; 

1 •  Pulse-pressure  method. 

This  was  introduced  in  Germany  (1 )  and  has  recently  boon 
rehabilitated  and  simplified  by  application  of  analogue  cotiputing 
techniques  (2).  A  continuous  indication  of  cardiac  output  is 
obtained,  tub  puncture  of  a  major  artery  by  a  wide-boro  noodle 
is  required  to  give  valid  results. 

2.  Impedance  cardiography 

Changes  in  the  eloctrical  impedance  of  the  trunk  were  at 
first  thought  to  yield  a  usefvil  continuous  record  of  cardiac 
output  (3),  but  moro  recent  work  has  shown  that  changes  of 
impedance  are  snarginal,  being  lirgely  counteractocl  by  an  increasod 
impedance  in  the  peripheral  part  of  the  trunk  and  limbs  (4). 

3.  Dye  dilution 


Although  this  method  checks  well  against  direct  moasureraents 
of  cardiac  aitput  (5),  in  most  applicaticrm  of  the  method  very  few 
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detarminations  can  ba  made  beoause  of  a  progressive  pigmentation 
of  the  subject.  Further,  despite  advances  in  oximetry  (6),  it  is 
generally  admitted  tliat  arterial  punctu.J  is  needed  for  reliable 
mixing  curves, 

ii.  modification  of  the  dye  method  using  an  external  scintillation 
counter  mounted  ovor  the  great  vessels  of  the  chest  was  introduced 
by  Voall  (7).  An  accuracy  similar  to  that  of  the  direct  Fick  method 
has  boon  claimed,  but  the  radiation  dosage  (0,0?  -  0»28r  for  one 
determination  of  cardiac  output)  is  such  as  to  prohibit  repetitive 
studies. 

k*  Foreign  gas  methods 

The  acetylene  method  lias  beoomo  sin^ilor  and  sub  jecuively  more 
pleasant  with  the  introduction  of  infra-red  gas  analysis  (8,  9), 
but  the  time  required  for  elimination  of  aoetyleno  is  suoh  that 
observations  cannot  be  made  more  frequently  than  once  in  every 
half  an  hour.  Other  ^scmotrio  methods  involving  the  rebreathing 
of  nitrous  oxide  (1 0)  or  various  carbon  dioxide  mixtures  (1  j ) 
require  oonaidorable  co-operation  from  the  subject,  and  again  give 
no  more  than  a  single  isolated  value  for  cardiao  output. 

5.  Sleotrokyiiiography 

Although  it  has  been  suggested  that  a  continuous  record  of 
cardiao  output  can  bo  obtained  by  positioning  photo-multiplier 
tubes  over  the  left  border  of  tho  oordiao  shadovr  on  an  X-Ray 
screen,  di^lacomont,  torsion,  and  ohango  in  contour  of  the 
heart  oombino  to  make  this  an  unsatisfactory  method  (12). 

With  repeated  measurements,  tho  subject  is  also  exposed  to  an 
undosixablo  radiation  load, 

6,  Ballistocardiography 

The  fact  that  tho  foroos  developed  by  the  heart  can  be 
recorded  by  a  suitably  mounted  table  has  been  known  for  many 
years  (13,  1lf),  but  application  of  this  principle  to  oardifto 
aitput  detarainations  is  duo  largely  to  Niokerson  (I5)  and 
Starr  (16),  Tho  ballistocardiograph  (B,C»G,)  gives  a  continuous 
record,  and  requires  no  mere  of  the  subject  tlian  to  lie 
reasonably  still  on  a  iiard  table.  Although  the  measurement  of 
cardiao  output  by  this  technique  is  still  conti'oversial,  it  is 
probably  the  best  method  at  present  available  to  the  applied 
physiologist  ^vho  wishes  to  study  cardiac  output  oontinacusiy 
for  an  hour  or  more. 

The  purpose  of  this  first  paper  is  to  review  the  technique  of 
ballistocardiography,  indicating  specific  criticisms  of  tha  method,  and 
in  the  light  of  this  criticism  to  suggest  a  procedure  vAioroby  results 
from  tho  B.C.G,  may  be  verified. 
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II.  EHYSICAL  KEOia: 


Pour  main  types  of  B.C.G.  may  bo  distinguished: 

(a)  High  frequenovs  davalqped  by  Starr  and  his  assooirtes, 
(1^,  vdth  a  nsitural  frequency  of  15  o.p.s, 

(b)  Low  frequenov:  oritioally  dan^iod,  as  developed  by 
Hiokerson  (15)  the  natural  frequency  being  1-1'^  o.p.s, 

(0)  Ultra  low  frequenov  and  'aporiodio"  systems,  as  developed 
by  ^oarborough  arid  assooiatos  (17)  and  Burger  and 
asBOoiatos  (18)» 

(d)  Direot  body  niok-up  as  developed  by  Book  (19) 


Ihe  relationships  between  the  several  typos  of  B.C.G.  oan  best  be 
explained  in  terms  of  the  fundamental  Newtonian  equr  Hon  for  fcn'oes  in 
the  longitudinal  diraotion  at  the  instant  of  oardiao  ejection: 


+  +  Dx 

dt 


0) 


where  m  is  the  i:»Ba  of  blood  ejected,  y  the  longitudinal  displaoement  in 
time  t,  M  themass  of  subject  and  table,  x  the  displacement  of  the  table, 
0  is  a  damping  constant  assumed  prcpcrtional  to  velocity,  and  D  is  an 
elastic  restoring  constant  proportional  to  displacement.  In  the  Starr 
bod,  the  restraining  farce  B  is  large,  and  damping  C  and  acceleration 
small,  so  that  the  equation  reduces  to 


or  3C  =  m  d^  ...*•  (2) 

B  dt2 


The  Nickerson  bod  has  a  restraining  force  B,  but  the  most  important  factor 
in  the  sys  tea  is  the  damping  C  introduced  by  an  oil  bath*.  To  a  first 
approximation,  the  equation  reduces  to 

m  ^  o  0^ 
dt^  dt 


or  X  =  m  dy  .....  (3) 

C  dt 


*At  frequencies  in  excess  of  6  c.p.s,,  B  becomes  progressively  more  important, 
and  the  pattern  of  tbs  record  changes  to  a  second  order  integration, 

Hovover,  tiis  amplitude  at  this  end  of  the  frequency  spectrum  is  negligible 

(20). 
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Tho  ultra-low  frogjioncy  'bods  (19)  havo  very  v/oak  constraints,  and  only 
tho  first  tom  in  tho  equation  is  of  Importanoo.  Thus 

a  M  d^c 
dt2  dr 

^  .  X  ■  njsr  (4) 

M 

Diroot  body  systems  havo  a  less  cortedn  moohanioal  basio,  simply 
rooordinq  movoraents  of  tho  shins  vdth  rospent  to  tho  dorsal  fat  pad, 

Tho  recording  system  nomalV  used  (19)  is  further  oarplioatod  by  a 
small  "integrating"  oondonsor  and  while  the  tracings  are  useful  for 
diagnostic  work  prooiso  pjysicul  analysis  is  not  possible.  Typical 
records  appear  to  bo  intermediate  in  farm  botv/eon  velocity  and  displace¬ 
ment  tracings, 

III.  OOMPLIOATINfl  FACTORS 

■In  practice,  several  factors  oomplioato  the  above  physical  analysis 
of  iablo  movement i 

(a)  Plano  f'f  recordinp. 

Oonsideration  of  tho  forces  dovoloped  by  tho  heart  has  so  fiu? 
boon  rostriotod  to  tho  longitudinal  piano.  In  fact,  tho  path  of 
bj.ood  ejected  from  tho  ventricles  is  directed  somewhat  laterally 
and  posteriorly,  and  vector  ballistcoardiograms  (21-23)  have  shov/n 
that  appreciable  forces  are  dovoloped  in  tho  lateral  piano,  Tho 
relative  magnitude  of  tho  lateral  oonponont  must  vary  \^th  cardiac 
axis,  and  although  tho  problem  may  bo  minimised  by  averaging  the 
longitudinal  force  over  several  respiratory  cyolos,  a  shift  cf 
Dwan  cardiac  axis  could  still  produce  an  apparent  change  of  cardiac 
output  in  uniplanar  B.O.Gs, 

(b)  Extraneous  movements 


Any  ■type  of  table  vAll  r  espond  to  extra  cardiac  movements  of 
the  body  or  ■viscera.  The  average  adult  subject  can  bo  persuaded 
to  restrain  voluntary  movements  during  the  recording  period,  but 
involuntary  tremor  (duo  co  oold  or  pharmacological  agents)  and 
coughing  (common  wi'th  soiriO  OT  ftgonts)  can  distort  sections  of 
record.  Respiratory  raovomente  also  affect  tVio  amplitude  of 
deflections,  for  although  tho  normal  frequency  of  respiration 
is  considerably  less  than  that  of  the  events  under  investigation, 
the  mass  of  tho  displaced  viscera  is  large  relative  to  tho  mass 
of  ejected  blood}  when  this  is  in  phase  with  visceral  movement, 
deflections  beoemo  larger.  This  problem  can  be  overoane  by 
averaging  over  tho  respiratory  cycle, 

(o)  Bgdy_qpunlina 

Tho  simple  Newtonian  equation  assumes  that  the  body  and 
table  have  homogenous  properties,  and  ttot  thoy  arc  rigidly 
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oouplod  together.  In  fact,  the  borly  is  oouplod  L’athor  loosely  to 
tlio  table  by  a  dorsal  fat  pad  that  varios  in  meohanioal  properties 
frca  subject  to  subject,  and  the  heart  is  also  loosely  ooupled  to 
the  remainder  of  the  boc^jr,  Ehua  the  ratio  of  boc^y/table  novomont 
is  rather  largo  with  all  B.C.G.  syatoias,  although  it  may  bo  iaqprovod 
by  damning  and  by  head  or  foot  rosts  exerting  a  force  of  xq>  to 
25  kg  (26),  Purtheraioro,  the  system  is  not  moohani.oally  homogoncus* 

Body  damping  (5C^  oritioal)  and  fr«q.uenoy  (S**?  o.p.s.)  do  not  conform 
vdth  any  of  the  commonly  used  B.C.G.  systems  (24-)»  The  theoretical 
aspects  of  body  coupling  have  boon  oxplorod  in  detail  (25-2?);  errors 
may  arise  from  resonance  peaks  and  phase  shifts.  Over  the  vital 
range  of  1-5  o.p.s,,  the  Starr  B.O.S,  gives  negligible  phase  shift, 
but  table,  table/body,  and  body/heort  movement  all  ahovf  large 
resonance  peaks.  The  Nickerson  B.C.G,  gives  a  largo  phase  shift 
(almost  180°),  but  this  is  relatively  constant  over  a  wide  frequency 
range;  amplitude  of  table  and  fablo/body  movement  is  also  rcoojjded 
with  only  slight  distortion  to  5  o.p.s.,  although  higher  froquonoios 
are  progressively  attenuated,  Iho  Burger  B.O.G,  (ultra-lo\7  i^equonoy) 
introduces  some  distortion  of  amplitude  and  phase  at  1-2  ops,  although 
with  the  addition  of  oareful  donning  (W^  oritioal)  suoh  offeots 
oan  be  minimised.  The  praotioal  oonsoquenoo  of  these  findings  is 
that  the  jnain  vuves  of  the  B.O.G,  (fundamental  frequency  2  o.p.s.) 
ore  recorded  most  faithfully  by  the  Nioksrson  bed.  The  ojiqplitude 
of  one  or  more  of  these  primary  waves  is  normally  used  in  the 
determination  of  oardiao  output,  and  liio  Nickerson  bod  is  thoroforo 
to  bo  preferred  for  this  purpose.  With  other  B.C.G,  systoms,  a 
change  in  the  rate  of  oardiao  ejection,  by  altering  the  fundamental 
frequency  of  osoillation,  oan  of  itself  ohango  the  amplitude  and 
slimi^ate  an  alteratioti  of  oardiao  output. 

(d)  Superimposition  of  waves 

While  the  Newtonian  equation  dosoribos  ovonts  at  the  instant 
of  oardiao  ejection,  the  resultant  longitudinal  for^e  is  soon 
modified  by  reversal  of  flew  in  the  arch  of  the  aorta  and  at  the 
bifuroation  of  the  pulmonary  artery,  and  by  an  increase  in  the 
dimensions  of  the  arterial  tree  wibh  the  pulse  ^mvo,  The  rate  at 
Y/hloh  these  seoondary  factors  appos.r  oan  obviously  vary  wit  h 
physioiogioal  state,  and  while  a  oorreotion  terra  has  boon  evolved 
for  flow  rovorsal  (28),  oaloulation  is  tedious. 

With  normal  pulse  rates,  there  is  a  brief  interval  in  each  oardiao 
oyole  that  is  free  of  osoillations,  but  v/hon  the  heart  rate  inoroasos, 
the  later  waves  fren  one  oyole  may  booomo  superimposed  on  the  early  part 
of  the  next  oyolo,  Intorforenoe  betv/oen  suooossivo  oardiao  cycles  is 
less  in  a  critically  damped  system,  but  oven  vdth  the  Niokorson  B.C.G, 
it  is  difficult  to  obtain  meaningfial  records  at  pulse  rates  in  excess 
of  120-1 JO/rain, 
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OHOIGB  OB'  B.C.G,  AMD  FOHMUIA  FOR  GABDI/iQ  QUIPUT  MBilSUBEMEHTOS 

mdle  it  is  apparent  from  the  I'ciregoing  thatnoB.C.G,  toohtiique  fcr 
the  estimation  of  cardiac  output  is  free  of  difficulties,  a  number  of  facts 
such  as  the  spectrum  of  frequenqy  response  and  reduced  interference  betwoen 
Recessive  cardiac  cycles  suggest  that  the  Nickerson  bed  is  to  be  prof erred 
if  the  B.C.G,  is  used  for  this  purpose. 

It  has  been  shown  theoretically  that  the  Nickerson  B.G.G,  giMOS 
predominantly  a  velocity  record  (equation  3)»  and  tho  tracings  obtained 
in  this  laboratory  agree  toII  v/ith  velocity  curves  predicted  from  tho 
physical  properties  of  the  arterial  tree  (Hg.1 ,  ref.  29).  Tracing  A 
is  tho  predicted  curve,  tracing  B  the  observed  curve  with  a  simultaneous 
praeoordial  phonocardiogram.  Tracings  C  and  D  wore  obtained  in  i/he  dog, 
and  will  bo  discussed  later  (page  9  )•  Immediately  following  the  first 
heart  sound,  both  tracings  show  a  sharp  footward  movement  of  tho  table 
(tho  I  wave)  coirosponding  with  ejeebion  of  blood  into  tho  ascending 
aorta.  This  is  followed  by  a  larger  headward  movement  of  tho  table 
(j  wave),  coinciding  with  flow  reversal  in  the  arch  of  the  aorta,  slowing 
of  ejection,  and  enlargement  of  the  aorta.  A  third  prominent  (m)  wave 
follows  tho  second  heart  sound)  this  is  generally  considered  duo  to  refleo- 
tion  of  the  pulse  wave  in  tho  peripheiy  of  the  arterial  trao. 

Cardiac  output  doteiminations  ore  usvally baaed  on  the  U  amplitude, 
mainly  because  the  I  and  7  i^miveu  r.re  large  and  sharply  defined.  Attoiiqpti 
have  been  made  to  translate  U  amplitude  into  absolute  cardiac  output, 
but  even  if  possible  this  does  not  soon  either  necessary  or  desirable, 
since  the  apparatus  is  best  restricted  to  comparative  work.  Further,  the 
standard  calibrating  system  (pulley  and  weights)  iu  essentially  a  static 
force,  corresponding  with  tho  term  Dx  of  the  fundamental  equation  1. 
Calibration  carried  out  in  this  way  serenes  as  a  useful  check  on  the  stability 
of  amplifiers  and  recording  system,  but  d  »b  not  provide  any  measure  of 
mcmentura  that  can  be  used  for  the  calculation  of  blood  flovf  in  absolute 
terms  ,  In  the  present  work,  use  has  boon  made  of  a  simple  enpirioal 
formula t 

Relative  stroke  volume  =  .ff.  ^  Pressure  factor 

U  time  ...  (5) 


*C  is  deliberately  varied  by  the  operator  in  inverse  proportion  to  tho  body 
mass  of  the  subject.  D  tends  to  vary  in  direct  proportion  to  bo<iy  mass, 
and  is  also  affected  by  the  elasticity  of  the  dorsal  body  fat.  There  is 
thus  no  constant  relationship  between  the  values  for  C  and  D  in  different 
subject. 
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Ihif*  tears  sane  similarity  to  Nickerson’s  en^jirioal  formula  (30)« 

The  U  anqplituda  has  already  teen  defined,  and  the  U  tine  is  the 
ccrresponding  interval  between  the  trough  of  the  I  and  the  csjest  of  the 
J  wa'.ies,  Ihe  blood  pressure  faotoi*  is  introduced  to  allow  for  changes 
in  the  dimensions  of  the  arterial  tree,  Kioberson  has  suggested  the 
use  of  the  square  root  of  the  moan  systemic  pressure,  with  certain  empirical 
modif ioetions  where  this  mean  pressure  is  less  than  80  mm  Hg,  (Pig. 2), 
but  thaoretioal  analysis  indicates  that  a  more  appropriate  factor  is  based 
on  the  square  root  of  aortic  volume  at  a  given  pressure: 

I«t  the  mass  of  the  laden  table  be  M 

The  mass  of  blood  ejected  in  oim  cardiac  cycle  m 

The  average  velooiiy  of  the  blood  during  ejection  f 

and  the  average  velocity  of  the  table  (as  indicated  by  U  amplitude)  x 

Tlien  from  the  conservation  of  momentum 

(m  +  M)x  B  mV 

and  X  =  /  jg  )  V 

(m+U  ) 

or  since  M  is  large  with  re  spool;  to  m 

X  mV 

K 

where  K  is  a  constant 

Now  if  the  aortio  cross  sectional  aroa  is  A, 
a2 

and  Y  a  Kx 
A 

But  stroke  volume  V  =  H 

Thus  V2  =  KAx  . (6) 

and  stroke  volume  is  proportional  to  the  square  root  of  the  aortio 
oross-seotional  area.  The  relative  oross-seotional  area  for  a  given  mean 
aortic  pressure  can  be  obtained  frem  Roy’s  prossure/volumo  curves  (31}* 

Over  the  normal  working  range  of  blood  pressures,  the  factors  obtained 
eii5>irically  by  Nickerson  oarreapond  closely  with  factors  derived  from  the 
square  root  of  aortio  cross-seotion,  but  at  tho  extremes  of  pressure 
(wtere  theB.C.G,  is  often  said  to  bo  less  acourote)  considerable 
differences  are  observed  (Fig, 2),  Tho  use  of  factors  derived  froa 
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Roy’s  P/7  curve  results  in  a  better  ccarelation  of  the  with  direct 

flow  measurements  than  the  use  of  Nickerson’s  empirical  factor,  and  the 
F/V  factor  has  therefore  been  used  throughout  the  present  study. 


In  equation  (6),  stroke  volume  is  theoretioaliy  proportional  to  the 
square  root  of  table  displacement  jc,  but  in  practice  displacement  x  is 
used  without  transformation,  Thi^  is  partly  because  equation  (6)  is 
based  on  average  impact  velociiy  V,  while  the  U  wavefonn  is  derived 
from  a  continuously  changing  table  velocity.  The  U  arplitude  is  also 
much  curtailed  by  si^zdiipositlon  of  preceding  and  succeeding  waves  ^ 
opposite  sign.  However,  the  main  Justification  for  this  step  is  onqjirioal. 
Extensive  trial  of  x  and  by  Nickerson  and  others  has  shown  tliat  x  bears 
the  closest  correlation  to  directly  determined  cardiac  output. 

The  U  time  is  not  introduced  into  the  equation  to  convert  displacement 
to  velocity  (as  is  apparently  Nickerson’s  intention)  for  this  difforontiat-on 
is  carried  out  by  the  meehanioal  system  of  the  table.  It  is  intended  rather 
as  a  si ^le  empirical  oorreotion  for  the  increasing  supcrinposition  of 
successive  beillistic  waves  with  more  rapid  cardiao  ejection. 

Values  for  relative  stroke  vdumo  obtained  from  eq^tion  (5)  were 
avei'aged  over  two  respiratory  cycles  to  allow  for  undesirable  respiretory 
variations  due  to  changes  in  cardiac  axis,  body/boortooiq>ling,  and  in-^phase 
visceral  moven^nts.  This  was  found  preferable  to  the  ui^bysiological 
procedure  of  breath-holding. 


V,  MODIFIO/iTIONS  OF  NICKERSON  LOVr-PHBQOEIOY  B.C.G,. 


The  B,C,G,  used  in  this  lahoratory  (Pig.j)  was  built  to  the  basic 
design  of  Nickerson  and  Curtis  (15).  An  imprwod  damping  system  permtted 
a  light  oil  with  lov/  temperature  oooffioiont  (visoostatic  iieroshell  Fluid  h-j 
to  ciroulato  between  two  brass  bellows  via  a  miorometor  operated  conical 
valve.  In  aiy  one  subject  the  micromotor  reading  for  critical  damping  ms 
remarkably  constant  oven  vdien  room  temperature  was  deliberately  varied  by 
8-1 0°0;  in  different  subjects,  the  readings  varied  inversely  with  b^ 
weight  (Pig.A),  This  may  irply  that  the  body  tissues  of  a  heavier  individual 
are  more  nearly  oritioally  damped,  but  could  also  be  a  oonsoquonco  of  more 
effeotive  bocty/table  ooupling  with  inoreaso  of  body  mass. 


Movement  of  the  table  was  sensed  b^  an  electronic  valve  transduoor 
(R,C,i..,573A) ,  giving  an  essentially  linear  response  ^r  the  permitted 
angular  displacement  of  the  an^do.  Static  (recorder)  calibration  ./as  by 
pulley  and  200  g,  weight.  Provision  was  also  made  for  dynaciio  calibration, 
^ing  a  solenoid  operated  tire  switch  fitted  with  a  trv  carrying  suitable 
weights.  Both  lypes  of  calibration  gave  very  consistent  defleotions  in 
a  given  subject,  and  it  thorefore  possible  to  use  U  amplitude,  rather 
than  a  scaled  derivative  in  the  calculation  of  relative  stroke  volune 
(eq]L\ation  5)* 

A  scaled-dovm  version  of  the  human  B.C.G,  was  devel^d  to  permit 
recording  of  the  B.C.G.  in  the  dog.  Some  account  vms  taken  of  the  differing 
physical  properties  of  the  two  systems,  (Table  1),  but  uncertainties 
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regarding  differences  of  "body  damping  and  body/table  coupling  made  the 
scaling  largely  expirioal.  The  overall  objective  -was  to  produce  a  table 
with  a  flat  frequency/amplitude  curve  for  the  range  2-10  ops,  to  ooriespond 
^th  tb:i  higher  fundamental  frequonoy  of  the  U  wave.  Tl»  stroke  momsnt’jm 
is  mur*-  smaller  in  the  dog,  and  a  corresponding  reduction  of  bellows  resistance 
in  damping  system  was  thus  introduced  to  permit  adequate  table  movement. 

She  stroke/table  mass  ratio  is  also  ustmilHy  loss  favourable,  and  it  was 
chereforo  decided  to  make  the  table  top  of  very  light  construction*  Adequate 
friction  to  prevent  excessive  oodj/tablo  movement  was  provided  by  a  vfasha'ole 
rough-surfaced  acetate  fibre  board,  and  this  was  supported  on  an  alxoninium 
fraii©.  The  restoring  force  is  relatively  greater  in  the  dog  B.C.G-, ,  since 
tnis  is  proportional  to  the  square  of  table  frequency.  Thoorotioally,  this 
should  cause  the  tracing  to  change  from  a  first  differential  (volooily) 
pattern  to  a  second  differential  (acceleration)  pattern  at  a  relatively 
lower  freqienoy.  In  practice  the  B.C.G,  tracings  that  have  been  obtained 
in  the  dog  (Pig,1 )  ore  quite  similar  in  form  to  the  human  B.C.G.  Tracing 
0  shows  the  B.C.G.  and  carotid  pulse  with  a  relatively  low  blood  pressure, 
tracing  D  the  B.C.G.  and  carotid  pulse  during  systenio  hypertension. 

Timing  of  individual  waves  is  loss  easy  with  the* more  rapid  pulse  of  the 
dog,  but  there  is  some  suggestion  that  the  main  peaks  occur  earlier  in  the 
cardiac  cycle,  which  is  a  characteristic  of  transition  to  an  acceleration 
pattern, 

VI,  OOP.RELvTION  BETTPSEN  B.C.G.  /JO  OTHER  tIETHODS  OP  MSi^SURING  qilDI/vO  qTTHJT. 

Many  previous  investigators  have  studied  the  degree  of  correlation  betv/cen 
the  oardiao  output  calculated  from  B.C.G,  records  and  results  obtained  by  the 
direct  Pick  or  other  non-controvursial  methods,  Richards  and  his  colleagues 
(32)  found  no  significant  ourrelation,  but  most  other  Trorkors  (30,  33»  3k) 
have  stated  that  in  the  normal  hoaltly  subject  under  resting  conditions, 
the  B.C.G,  gives  i  reliable  value  for  oardiao  output.  Agreement  vdth  the 
acetylene  method  has  been  observed  over  a  vdde  range  of  blood  pressures  (35) » 
although  in  severe  "shock"  (36)  and  aortio  insufficiency  (30)  discrepanoios 
vrero  noted,  With  administration  of  noropinophrino  (37)  and  nitroglyoorino 
(38).»  the  B.C.G,  gave  an  inoorreot  indication  of  tlio  direction  of  change 
of  oardiao  output,  It  is  evident  that  the  B.C.G,  ai:g>litude  is  dependent 
not  only  on  the  mass  of  blood  ejected,  but  also  upon  the  tone  and  dimensions 
of  the  arterial  tree  into  which  ejection  is  ooourring.  Since  the  condition 
of  the  arterial  tree  is  no1  measured*,  during  the  investigation,  absolute 
values  for  the  cardiao  output  derived  frem  the  B.C.G,  must  always  be  of 
doubtilil  significance.  Relative  values  for  oardiao  output  may  be  more 
reliable,  espedially  if  there  are  no  large  changes  of  systendo  blood  pressure 
during  the  test}  however,  even  roxative  changes  require  confiimation  by 
some  independent  method,  particularly  in  the  study  of  a  now  pharmaoologioal 


*Tne  blood  pressure  factor  (discussed  on  page  7  )  does  make  scco  allowance 
for  variations  in  the  physical  properties  of  the  urtorial  tree  wlion 
systemic  blood  pressure  is  reduoed. 


UKCL/i’cSIPIED 


9 


UMDIASSIB'IBD 


agent  with  unknown  actions  on  other  parts  of  the  vascular  system* 

VII.  METHOD  OP  VEHIFYIKG  B.C.G.  CiatPLi-g  OUTPUT  DilTA 

As  indicated  in  the  introduction,  direct  calibration  of  tho  B.C.G, » 
for  example  by  carrying  cut  simulto.nQou3  diroot  Fick  do terminations  of 
cardiac  output,  was  not  thought  justifio'^  in  ser^dco  volunteers,  A  more 
indirect  calibration  procedure  was  therefore  adopted.  Unequivocal 
measurements  of  blood  flow  wore  obtainod  in  tho  dog  by  inserting  a 
venturi  tube  in  tho  aorta,  and  the  results  vrere  compared  with  simultaneous 
reccjrds  from  tho  critically  dajupod  low-fioquoncy  B.C.G,  designed  for  the 
dog.  The  dog  could  be  exposed  to  much  larger  doses  of  Sai’in  and  other 
pharmacological  agents  tlian  tho  human  subjects,  and  having  shovm  that  the 
B.C.G.  gave  reliable  qualitiative  information  during  exposure  to  largo 
doses,  it  was  thought  reasonable  to  accept  smaller  changes  of  cardiac 
output  indicated  by  the  B.C.G,  in  human  experiments  at  low  dosage  levels. 

A  similar  approach  has  been  developed  independently  by  Honig  and 
Tenney  (39)  in  Rochester,  N.Y,  They  have  built  a  lower  frequenpy  table 
(0,5  c.p.s, )  with  heavy  damping,  and  have  compared  B.C.G,  records  with 
aortic  flow  measured  by  a  hydromotrio  pendulum  during  controlled 
haemorrhage  and  administration  of  "neosynophrine”, 

Tho  results  cf  the  present  author's  calibration  trials  in  the  dog 
are  reported  in  P,T,P.73?>  Part  2  of  this  sorlo.s  of  reports. 


(Sgd.)  C,  Lovatt-Evans, 
Hoad,  Physiological  Section, 


RJS/iC 


(Sgd.)  \7.S.S,  Ladoll, 
Assistant  Director,  Medical, 
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Oompariaon  of  Ballistoota'dioKraph  Moolianios  in  Dc,'^  and  Iifan 
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l’ig«1 1  Ocnrpariaon  of  theoretioal  and  otsorved  B.O.S.  vclooi-fcy  reoords 

(a) .  Theoretical  fcjrm  of  D.C.G,  wavs  prodiotocl  from  proportios  of  artoripl, 

tree,  ahovd.ng  I,  J,  and  M  waves  and  timing  in  relation  to  heart  sounds, 

(b)  Observed  B.C.G,  record  in  human  subject,  vdth  simultaneous  phono- 
cardiogram, 

(c) .  Observed  B,C,G,  and  cai’otid  blood  prossuro  records  from  dog  with 

low  blood  pressure, 

(d)  Observed  B,0,G,  and  carotid  blood  pressure  records  frun  dog  v/ith  high 
blood  pressure  following  administration  of  prosscr  aminos. 
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